Abstract: This paper is dedicated to investigate the static and dynamic behavior of a hydraulic motor controlled by a hydraulic circuit incorporating a poppet-type directional control valve (DCV) and a pressure reducer. The system is fed by the hydraulic power from a constant pressure source. The pressure reducer is active in one direction of motor rotation. In the other direction, it is by-passed. The studied system and its basic elements were described mathematically and simulated by developing Matlab-Simulink programs, mainly the DCV, pressure reducer, the check valve and the hydraulic motor. The transient response of the system was investigated experimentally and the experimental results were used to validate the simulation program. 
System Description
The hydraulic circuit of the investigated system is illustrated by Fig. 1 . The hydraulic generator is of constant pressure. It consists of a pressure compensated variable displacement pump, a hydraulic accumulator and a relief valve. The hydraulic generator insures, practically, constant supply pressure P s . In one direction of rotation, fluid flow to the motor (3) through a pressure reducer (2) . In this case, the maximum motor torque is limited by the reduced pressure. In the opposite direction, the pressure reducer is by-passed by the check valve (4) and the motor torque can increase to a maximum value, corresponding to the main relief valve setting. Fig.1 Hydraulic system scheme. The directional control valve (1) is a 4/3 valve of direct operated poppet type. In its neutral position it connects both of the motor lines to the return line, allowing for free motor motion. Therefore, the position of the door, driven by the motor is locked mechanically. Figure 2 shows a schematic of the studied DCV. It consists of two identical sections (a and b). Each of them consists of a solenoid (1) with core (2), spring (3 and 5) and poppet (4) that connects and disconnects different ports to each other. Both solenoids (1 and 6) are normally de-energized. When operated, only one solenoid is energized at a time. With both solenoids de-energized, poppets (4 and 9) are set by springs (5 and 10) to the right extreme position to block the port (P s ), and connect ports (A and B) with the return port (T). When solenoid (1) is energized, the poppet shifts to the extreme left position. It disconnects the port (A) from the return lint (T) and connects it to the high pressure line (P). The port (B) stays connected to (T). Moreover, by energizing solenoid (6), port (P) is connected to (B) and (A) is connected to (T). The dynamic behavior of the DCV is described by the following equations.
Directional Control Valve

Fig. 2 Schematic of the directional control valve
The flow rates through the valve throttling areas are:
Throttling areas A f , A g , A b and A c were calculated considering the actual combinations of poppet and seat design, Rabie (2009).
A f x = 0 x a2 ≤0 πd x x a2 x a2 >0 (2.5)
) sin β cos β x a2 <s 2 (2.6)
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) sin β cos β x b2 <s 2 (2.8)
The following are the continuity equations applied to valve chambers for rigid walls and constant total oil volume and bulk modulus. The valve ports A & B are closed by the pressure gauges.
The motion of the solenoids cores and poppets are described by the following equations, considering the contact and seats reaction forces (see Fig.3 )
Fig. 3 Free-body diagram of the DCV poppet and solenoid core, section (a)
F ca +F S1 -F S2 =m 2 x a2 +f r x a2 +k s1 x a2 +x 2o (2.11) F sc + F a -F ca = m 1 x a1 +f r x a1 +k 1 x a1 +x 1o (2.12) F cb +F S3 -F S4 =m 2 x b2 +f r x b2 +k s2 x b2 +x 2o (2.13) F sd + F b -F cb =m 1 x b1 +f r x b1 +k 2 x b1 +x 1o (2. 14)
The seat reaction and contact forces, acting on the poppets and solenoids core are given by the following equations.
x a2 ≤x a1 (2.15)
x a2 ≤0 (2.16)
x a2 ≥s 2 (2.17)
x a1 ≤-s 1 (2.18)
x b2 ≤x b1 (2.19)
x b2 ≤0 (2.20)
x b2 ≥s 2 (2.21)
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The directional control valve is described by equations 2.1 thru 2.22. These equations were used to develop a Simulink computer simulation program. The transient response of the DCV, calculated using the simulation program is plotted in Fig. 4 . When acted on by the solenoid force, the solenoid core moves (line 0-b), while the poppet is stationary (line a-b). When the core covers the clearance (s 1 ) it impacts the poppet (point b). It decelerates and the poppet accelerates, and they move as one piece after the impact (line b-c). They continue to displace until they reach the end position seat (line c-d). The duration of the valve response, until reaching the end position, is within 22 ms. The transient response of the exit port pressure (P A ), calculated for different input pressure levels, with the port closed, is plotted in Fig. 5 . This figure shows that the valve presents an over damped transient response of about 17 ms settling. 
Pressure Reducing Valve
The pressure reducing valve (See Fig.6-a) consists of: valve body (7), inlet poppet valve (1), drain poppet valve (4), piston (6), spring (5), poppet (3), spring (2) and screw with guide (8).
When port (A) is not pressurized, piston (6) is pressed by spring (5) to the extreme left position, and poppet valve (1) is widely open. The spring (2) keeps the right conical end pressed against seat (4), connecting chamber (A) with chamber (D). As the pressure azxt port (A) increases, the pressure in the chamber (D) increases as well. Acting on piston (6), the pressure of the operating fluid shifts the piston, together with the poppet to the right compressing spring (5). The annular slot area between the left cone of poppet (3) and left seat is progressively decreased to become fully closed (See Fig.6-b) , and the pressure at port (C) is held constant to the preset reduced value controlled by the initial force of spring (5).
(a) (b) (c) Fig. 6 Schematic of the pressure reducing valve.
As the downstream pressure of the reducing valve drops, the spring shifts the piston(6), together with poppet (3) to the left to let the operating fluid pass from the high pressure port (A) to the reduced pressure chamber (D) to keep its pressure at the preset value. When the pressure in the reduced pressure line gets higher, the pressure on piston (6) increases forcing piston (6) to move to the right. As poppet (3) stays in position, valve (4) opens connecting chamber (D) to return line (See Fig.6-c) . The fluid flow rates through the valve restrictions are given by the following relations.
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The valve throttling area (A 1 , A 2 and A E ) are given by:
) sin (φ ) cos (φ) x c1 <x n (3.6)
) sin (τ ) cos (τ) x c1 <x c2 (3.7)
A E = R 3.8
The application of continuity equation to chamber (D) yields:
The areas A S1 , A S2 and A S3 are given by the following equations.
(3.12)
Fig. 7 Free body diagram of poppet.
The following is the equation of motion of the valve poppet (See Fig.7) .
P s A s1 -P r A s1 -A s2 +K s3 x co -x c1 -F s5 -F rf =m 3 x c1 +f r x c1 (3.13)
x c2 ≤x c1 (3.14)
x c1 ≥x n (3.15)
The poppet rests on the piston during most of the valve operating period, except when the valve operates as a relief valve (See Fig.8 ). The motion of piston is described as follows.
P r A s3 +F rf +F s6 -K s4 x c2 +x c2o =m 4 x c2 +f r x c2 (3.16)
The pressure reducer is described mathematically by Eqs. 3.1 thru 3.17. These equations were used to develop a Simulink simulation program for the pressure reducer. The transient
8/16
response of the pressure reducer to step increase of input pressure was calculated by the simulation program and plotted in Fig. 9 . The exit valve pressure reaches a steady state value of 80 bar, with steady state error within 2%, over the whole practical range of variation of input pressure level.
The transient response of the reduced pressure to step input pressure applied at time t = 10 ms, followed by step opening of the loading throttle to 1 mm 2 at time t = 30 ms was calculated. The calculation results are plotted in Fig.10 . By the opening of the loading valve (See Fig.6-a) , the valve exit pressure decreases. Its steady state value is determined by the input and load pressures as the throttling in the fluid throttling in the valve.
The transient response of the piston and poppet was calculated for a step input pressure of 150 bar applied at time t = 10ms and step opening of loading orifice applied at t = 30ms. The calculation results are plotted in Fig.11 . This figure shows that both of the two elements move as one part. They present a settling time of within 15 ms. The valve opens, allowing the fluid flow from port (I) to port (H), when the pressure force [A r (P mA -P C )] is greater than the spring force (k x o ). The dynamic behavior of the valve is described by the following equations.
P mA -P C A r -K S5 Z+Z o +F S7 -F S8 =m 5 Z +f r Z (4.1)
A t z = 0 z≤0 πd t z z>0 (4.6)
Hydraulic Motor
The studied hydraulic motor is shown by Fig.13 . It consists of front casing (1), rear casing (2), port plate (3), cylinder block (4), piston head (5), piston rod assembly (6), bearing set (7), leakage port (8) and output shaft (9).
The input high pressure flow rate (Q in ) is supplied through the port plate (3), to cylinder block (4) and pistons chambers (5). After rotation of motor axle by 180 o , the pistons reverse their direction of motion, displacing the oil to the return line, through the port plate. The total returned flow rate is (Q dr ). The pistons of chambers connected to the high pressure line are acted on by the pressure force. This force is resolved at the spherical end of the connecting rods into axial and tangential components. The axial component is supported by the bearing while the tangential component drives the motor shaft against the loading torque. Therefore, the supply pressure depends on the loading torque and the motor speed depends on the supply flow rate.
The fluid flow to and from the cylinder chambers is controlled by inlet and outlet restrictions. The areas of these restrictions are determined by the shape of the cylinder port diameter and the geometry of the two kidney shaped holes on the port plate as well as the rotational angle of the cylinder block (See Fig.13-b) . Figure 14 shows the calculated drain and intake throttling areas considering the geometry of the studied motor. The flow rates inlet and drained from the motor can be calculated by the following equations. 
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The following is the continuity equation applied to the individual motor cylindrical chambers, taking into consideration the internal leakage and the variation of the chamber volume.
The piston displacement changes with the motor rotational angle and the cylinder block inclination angle as given by the following equation.
The piston speed can be simply obtained by differentiating Eq. 5.8.
The torque T mi , which acts on the motor shaft, due to the pressure force acting on the piston is:
The rotation of the motor shaft, cylinder block and the attached parts is governed by the following equation.
T m = J θ mi + f θ mi +T L (5.12)
Transmission lines connecting elements
The inertia and pressure losses in the transmission lines are neglected in this study, compared with the inertia of rotating parts and the motor frictional load. Only the oil compressibility is considered, for computational reasons. The following are the results of application of continuity equation to these lines.
Line connecting port A of DCV with the PRV inlet. Fig.18 ). The maximum pressure difference applied to the motor is within 50 bar. In this case study, the motor load is mainly frictional load, proportional to the motor speed. The motor showed a transient response with about 30 ms settling time and 1300 rpm steady state speed (See Fig.16 ). When actuating solenoid (b), the pressurized fluid flows directly from the DCV to the motor. The motor exit fluid returns through the check valve, by-passing the pressure reducer. In this case, the maximum pressure difference across the motor is within 120 bar. The motor presents a transient response of about 50 ms settling time and steady state reverse speed of about 2500 rpm (See Fig.16 ).
Experimental Work
A limited experimental work was conducted, aiming to validate the theoretical investigations. The transient response of the motor input pressure was measured while energizing solenoid (a), Fig.1 . The pressurized fluid flows to the motor through the pressure reducer, pre-set at 30 bar. The experimental results are plotted in Fig. 18 . This figure carries also the simulation results, for the same operating conditions. The study of this figure shows acceptable agreement between the simulation and experimental results. 
Conclusion
This paper deals with the dynamic behavior of a hydraulic motor, controlled by a system incorporating: a 4/3 poppet type directional control valve, a pressure reducer and a constant pressure hydraulic generator. The individual components and the integrated system were modeled mathematically and simulated by using the Simulink program. The transient response of the individual elements and the system, calculated using the simulation program are presented and analyzed.
The simulation results showed that the transient response of the displacement of the directional control valve poppets is over-damped with about 17 ms settling time. This response showed the effect of impact forces between the solenoid core and valve poppets. After the impact, they move as one body. 
EXPERIME… SIMULATION
The transient response of the reduced pressure to step input pressure was calculated. For closed exit port, the valve produced constant reduced pressure, with a steady state error within 2%.
The motor load is mainly frictional load, proportional to the motor speed. In one direction of motor motion, the pressurized fluid is fed to the motor through the pressure reducer. The maximum pressure difference applied to the motor is within 50 bar. The motor showed a transient response with about 30 ms settling time and 1300 rpm steady state speed. Moreover, in the opposite direction of motor, the pressurized fluid flows directly from the DCV to the motor. The motor exit fluid returns through the check valve, by-passing the pressure reducer. In this case, the maximum pressure difference across the motor is within 120 bar. The motor presents a transient response of about 50 ms settling time and steady state reverse speed of about 2500 rpm.
